1. Introduction
Background
In recent years the use of Short Wave Infra Red (SWIR) bands for processing remotely sensed imagery in extremely turbid waters (i.e. waters with Total Suspended Matter -TSM concentration N100 mg L −1 ) has gained increasing attention. In particular, its use in atmospheric correction assuming a black pixel in several SWIR bands (e.g. the SWIR based algorithm by Wang & Shi, 2007) has been of great importance. By assuming that the water reflectance is negligible in these SWIR bands, they can be used to estimate the aerosol contribution to the Top Of Atmosphere (TOA) signal. This has shown to be a good alternative to existing Near Infra Red (NIR) based approaches (Chen, Yin, Xiao, Xu, & Lin, 2014; Dogliotti, Ruddick, Nechad, & Lasta, 2011) .
Further research has shown that, in extremely turbid waters and in spectral regions with lower pure water absorption (e.g. around 1070 nm), this black pixel assumption is not always valid and a radiance contribution from the water can be expected. In this case, the particulate light backscattering compensates the light absorption by pure water.
Evidence of non-zero reflectance in the SWIR was presented for the 1240 nm band by the analysis of MODIS imagery (e.g. Shi & Wang, 2009 , but this has not been further verified with in situ measurements. For shorter SWIR wavelengths (950-1150 nm), in situ measurements have been presented and revealed a significant water reflectance signal (Knaeps, Raymaekers, Sterckx, Ruddick, & Dogliotti, 2012) . In addition, it was suggested that these spectral bands could be used for deriving TSM concentration in extremely turbid waters. This is of great interest since it is known that bands at shorter wavelengths saturate in these waters (e.g. Nechad, Ruddick, & Park, 2010; Shen et al., 2010) resulting in much less or no sensitivity of the water reflectance (R w ) to an increase in TSM leading to less accurate estimates of the TSM concentration from remotely sensed imagery.
This paper aims to develop a SWIR based TSM algorithm for extremely turbid waters. It is based on an extensive in situ dataset, including TSM concentration measurements and water reflectance spectra in the range 350-2500 nm, in three extremely turbid estuarine waters: Scheldt (Belgium), Gironde (France) and Río de la Plata (Argentine). First, the SWIR water reflectance in these three areas is characterized and particular bands of interest are defined. Then, an empirical algorithm is developed based on the in situ measurements of the water reflectance and corresponding TSM concentrations. Further we investigate whether the established relationship (further referred to as the empirical SWIR TSM algorithm) holds in different regions and seasons. The performance of the empirical SWIR-based TSM algorithm is compared with an existing semi-analytical TSM algorithm with parameters extrapolated for the SWIR. As a side product, the TSM ranges where the black pixel assumption can be applied, are derived from the established SWIR TSM algorithm. Finally, the SWIR-based algorithm is applied to an airborne dataset of the Gironde river.
The SWIR TSM algorithm: expected relationship and parameterization
Based on existing theoretical studies for the NIR (e.g. Ruddick, Cauwer, Park, & Moore, 2006) and empirically derived relationships between TSM and reflectance in the NIR, the SWIR marine reflectance is expected to be very simply characterized, i.e. the magnitude of reflectance at any given wavelength will be a function of particulate backscatter and hence TSM and the spectral shape of reflectance will be determined by the inverse of the pure water absorption coefficient. In general, an increase in TSM leads to an increase in the particulate backscattering and absorption coefficients. In the SWIR, this will result in an increase in water reflectance because absorption is almost independent of dissolved and particulate matter in the SWIR. Knaeps et al. (2012) found a linear relationship between reflectance at 1071 and 1020 nm and TSM concentration for a TSM range between 15 and 402 mg L −1 . It is expected that, when moving to more turbid waters, the relationship between reflectance and TSM will become non-linear, but this will occur at much higher TSM concentrations than for the NIR because of the higher pure water absorption. This saturation effect has been observed for red (Bowers, Boudjelas, & Harker, 1998) and NIR wavelengths (e.g. Doxaran, Froidefond, Lavender, & Castaing, 2002; Nechad et al., 2010) . For instance, Nechad et al. (2010) derived a model between reflectance and TSM with a linear relationship for low concentrations of TSM and asymptotic limit at higher TSM based on a spectral reflectance model. They found that this asymptotic limit will be attained at higher concentrations when going to longer wavelengths. This was also shown in a tank experiment by Shen et al. (2010) . This experiment showed first a rapid increase of the reflectance with increasing TSM (up to 150 mg L − 1 ) and then a logarithmic increase (TSM from 150 mg L −1 up to 2500 mg L
−1
). Although it is expected that the SWIR could be very useful for very high concentrations of TSM due to the higher sensitivity of the water reflectance (R w ) compared to shorter wavelengths, the SWIR might not be suited for low concentrations because of the low signal. The increase in the pure water absorption will require increasing TSM to ensure a sufficient reflectance signal (Ruddick et al., 2006) while less absorbing portions of the spectrum are more suitable for low TSM concentrations. This has led to the development of multi wavelength switching algorithms adapted to the magnitude of the TSM concentration. Shen et al. (2010) proposed switching between 560, 650, 709 and 779 nm MERIS bands for TSM thresholds of 20, 80 and 250 mg L −1 (or remote sensing reflectance -R rs -thresholds of 0.01, 0.023 and 0.033 sr −1 for the corresponding wavelengths). The validity of these single band semi-analytical TSM algorithms may be restricted to a specific region. New parameterization of the algorithm might be needed for other sites due to changes in particle type and composition. There are examples of publications which found robust algorithms and little variability in the Inherent Optical Properties (IOPs) spectral shape for different regions and seasons (e.g. Aurin, Dierssen, Twardowski, & Roesler, 2010) , but many highlight the need for new parameterization (Doxaran et al., 2002; Islam, Begun, Yamaguchi, & Ogawa, 2001) . Furthermore, when the sites are highly dynamic, a single parameterization of the relationship might even not be possible within one region. Aurin and Dierssen (2012) and Blondeau-Patissier, Brando, Oubelkheir, Dekker, Clementson and Daniel (2009) , for example, showed the existence of multiple optical domains within one region.
Very recently, an alternative to these regional TSM algorithms was presented by Dogliotti, Ruddick, Nechad, Doxaran, and Knaeps (2015) . They developed a global Turbidity (T) algorithm using an NIR band at 859 nm and suggest deriving a regional TSM algorithm by using the global T algorithm with a regional relationship to convert T to TSM. The existence of such a global T algorithm is supported by the fact that T, in contrast to TSM, is an optical property and is, hence, less sensitive to the particle composition.
Methodology

Naming conventions
In this paper, a small part of the SWIR region, between 1000 nm and 1300 nm, is evaluated. Beyond 1300 nm the pure water absorption is so high that no signal is expected for optically deep waters even for the most turbid waters in the world. The pure water absorption (Kou, Labrie, & Chylek, 1993; Pope & Fry, 1997) and atmospheric transmittance for this spectral region are shown in Fig. 1 . The grey dots represent wavelengths of interest which are discussed further in the manuscript. Based on the shape and magnitude of the pure water absorption within the 1000-1300 nm region two specific areas of interest, further denoted (Kou et al., 1993; Pope & Fry, 1997) and total oneway atmospheric transmittance simulated using the Modtran radiative transfer code for a platform height of 800 km, a nadir view, a visibility of 17 km, a water vapour content of 2.5 m −1 and a rural aerosol. Spectral band of interest are also shown as grey round symbols (1020 nm OLCI band, 1071 nm, 1240 nm MODIS band, 1270 nm, and 1300 nm).
as SWIR-I and SWIR-II are identified. The SWIR-I region ranges from 1000 nm (pure water absorption a w at 1000 nm = 40.7 m −1 ) to 1200 nm, close to the local maximum in the pure water absorption (a w at 1200 nm = 127.2 m − 1 ). The SWIR-II region ranges from 1200 nm to 1300 nm where the pure water absorption reaches a value of 132.2 m −1
. The minimum water absorption in these two regions is observed at 1073 nm (a w = 14,05 m ). Water absorption at 1020 nm, a wavelength typical of the limits of silicon based detectors, has been measured by Kou et al. (1993) as a w = 29.57 m −1 , slightly higher than at 1073 nm. As shown by Röttgers et al. (2012) , the sensitivity of these values in the SWIR-I and SWIR-II to temperature and salinity is higher than in the Visible and NIR wavelengths. Table 1 provides an overview of current and future satellite sensors with spectral bands in these two SWIR regions and their corresponding Signal-to-Noise Ratio (SNR) at a reference radiance (L ref ) . This overview is limited to sensors with appropriate characteristics for water quality monitoring. The CIMEL CE-318 ground-based radiometer is added because, as part of the ocean colour component of the Aerosol Robotic Network (AERONET-OC; Zibordi et al., 2009) , it provides in situ standardized measurements of water leaving radiance important for satellite ocean colour validation activities.
2.2. The study areas: the Scheldt, Gironde and Río de la Plata estuaries Field data collection has been performed in three different estuaries associated with high to extremely high TSM concentrations where particulate light backscattering is expected to be high enough to result in a significant water reflectance signal in the SWIR. The three estuarine sites are: the Scheldt in Belgium, the Gironde in France and the Río de la Plata in Argentina (Fig. 2) . These three estuaries were chosen because of their high concentration range of suspended particles and diversity of particle composition/type.
The Scheldt River originates in France, flows through Belgium and reaches the North Sea in the Netherlands. It is a highly dynamic river leading to TSM concentrations varying from a few to several hundreds mg L −1 during one tidal cycle. In the middle estuary, where the study area is located, there is a tide-dominated Maximum Turbidity Zone (MTZ). Here, high suspended matter concentration is mainly attributed to the re-suspension of local bottom sediments induced by the tidal current (Chen, Wartel, Van Eck, & Van Maldegem, 2005) . The Gironde is a macrotidal estuary where the water optical properties are dominated by non-algal particles, i.e. by suspended sediments (silts and clays) delivered by the Garonne and Dordogne Rivers and trapped within the maximum turbidity zone of the estuary. TSM concentrations typically vary from ten to four thousands mg L −1 within surface waters, mainly depending on fortnightly tidal cycles (Doxaran, Froidefond, Castaing, & Babin, 2009 ). The Río de la Plata is a shallow (b20 m) and large-scale estuary which drains the second largest basin in South America. High values of Total Suspended Matter have been reported in this region, with mean values ranging from 100 to 300 mg L −1 and extreme concentrations up to 400 mg l − 1 (C.A.R.P., 1989). This area has been identified by a number of investigators (Doerffer, 2006; Doron, Bélanger, Doxaran, & Babin, 2011; Moore, Lavender, Kratzer, Icely, & Huot, 2010; Shi & Wang, 2009 ) as a useful very bright target for assessment of atmospheric correction algorithms, so far tested without any in situ data (Dogliotti et al., 2011) . Table 2 highlights the differences in the estuary cross section, suspended sediment composition and tidal regime for the three study sites.
Data collection
In situ data were collected during 5 different campaigns in the period 2010-2013 (Table 3) . Most of the data were collected from fixed pontoons along the side of the estuaries with large variation in coloured water constituent concentrations during the tidal cycle. When compared to ship-based data such fixed platforms can give better data quality as regards viewing geometry (particularly verticality of irradiance sensors or horizontality of reflectance plaques used to estimate the downwelling irradiance signal), although the range of acceptable azimuth viewing angles can be more limited because of greater risks of optical contamination (shadow/reflection) of the target water by the platform itself. During the Gironde 2012 campaign additional measurements were made from a vessel to sample further downstream up to the mouth of the estuary.
The total number of samples for each campaign is shown in Table 3 . This number refers to the number of water reflectance (R w ) samples retained after quality control. In total 137 samples were made, 32 in the Scheldt, 72 in the Gironde, and 33 in Río de la Plata. Table 4 lists the in situ measurements made at each sampling campaign. For all campaigns comprising 137 samples, water reflectance (R w ), TSM concentration (TSM), salinity (Sal) and temperature (Temp) were measured. Turbidity (T) was measured in all campaigns, but for a lower number of samples. Chlorophyll-a (Chla) concentration and IOPs (absorption of particles, a p ; absorption of non-algae particles, a nap ; absorption of phytoplankton, a phyt ; backscattering of particles, b bp ) are available for each site, but for a reduced number of samples.
In situ measurements
The measurement methodology for the main in situ measurements is described below.
2.3.1.1. Water reflectance. Water reflectance (R w ) between 350 and 2500 nm was measured with an ASD Fieldspec FR spectrometer. The detailed measurement methodology is described in Knaeps et al. (2012) . Depetris & Griffin (1968) . The reflectance (R w ) was calculated using the following equation (Mobley, 1999) :
Where L u (a,λ) is the total upwelling radiance from the water, E d (0+,λ) is the downwelling irradiance above the surface, L sky (a,λ) is the downwelling sky radiance, and ρ as is the air-sea interface reflection coefficient which is set to a fixed value of 0.0256. ρ as is not calculated based on the wind speed as in Ruddick et al. (2006) because surface gravity waves are not expected to be as strongly wind speed dependent in a narrow estuary. An extra white reflectance correction was performed for residual sky glint by subtracting the water reflectance at 1305 nm. It was chosen here to use a wavelength further in the SWIR compared to the one used in Knaeps et al. (2012) (i.e. 1200 nm), because there may be non-zero reflectance at shorter wavelengths in the highly turbid waters found in the study sites. At 1305 nm the absorption of pure water (a w ) is 141. ) where a small radiance contribution was observed for the Yangtze (Shi & Wang, 2009) . Therefore, it is reasonable to expect non zero water reflectance at 1305 nm. Beyond 1305 nm spectra are too noisy because of atmospheric absorption.
Although the ASD, having only one radiometer, is not designed for measuring water reflectance, inter comparisons with a 3-sensor Trios system (400-900 nm) in the Visible/NIR (Ruddick et al., 2006) gave satisfactory results (R = 0.99, Root-Mean-Square error, RMSE = 0.006) (Knaeps et al., 2012) . Here, the Trios system was also deployed for additional quality control of the ASD water reflectance spectra.
2.3.1.2. TSM concentration and turbidity. Coincident with the water reflectance measurements, water samples were collected just beneath the water surface in dark brown bottles. Turbidity was directly measured on the water samples, which were then filtered on site and stored for TSM analysis.
The turbidity was measured with a portable HACH 2100P ISO turbidimeter using the same protocol as in Dogliotti et al. (2015) . Three replicate measurements were recorded for each sample. The turbidity data was used here for quality control of the TSM data.
The filters for the TSM analysis (Whatman GF/F filters with a nominal pore size of 0.7 μm) were first prepared in the laboratory. They were left for 1 h in Milli-Q water and then gently shaken with cleaned Millipore forceps to remove residual fibres. They were placed in an aluminium plate and ashed for 1 h at 450°C, then dried for 12 h at 60°C in an oven prior to weighing in a dry atmosphere. The filters were stored in clean Petri dishes. Known volumes of water (3 to 100 ml) were filtered in triplicate through the pre-ashed and preweighed glass-fibre filters at low vacuum. Each filter was then rinsed with Milli-Q water (250 ml). The filters were stored in a freezer and then transported in dry ice to the laboratories (LOV and/or VITO). Here they were temporarily stored at −80°C. Finally they were dried for 24 h at 60°C and weighed again in a dry atmosphere.
Systematically the water samples were filtered in triplicates in order to determine the precision of the TSM concentration measurements. After removal of outliers the mean value of the triplicates was used for further analysis.
Hyperspectral airborne image acquisitions
Several Airborne Prism EXperiment (APEX) flight lines were acquired along the Gironde estuary on 14 June 2012 under sunny conditions. That day, in situ sampling was performed at the pontoon of Blaye.
APEX records hyperspectral data between 350 and 2500 nm. In the SWIR-I and SWIR-II spectral regions (975-1300 nm) APEX has 31 spectral bands with a Full Width at Half Maximum (FWHM) between 11 and 12 nm. The APEX radiometric, spectral, and geometric calibration is performed by means of calibration cubes generated from data measured and collected on the APEX Calibration Home Base (CHB) hosted at DLR Oberpfaffenhofen, Germany (Gege et al., 2009 ). The atmospheric correction and air-interface correction of the acquired APEX data is performed by the CDPC (Biesemans et al., 2007) with the MODTRAN4 radiative transfer code following the algorithms given in De Haan, Hovenier, Kokke, and Van Stokkom (1991) and De Haan and Kokke (1996) . Similar to the ASD processing, an extra white reflectance correction was performed for residual sky glint by subtracting the water reflectance at 1306 nm (i.e. wavelength closest to 1305 nm). An additional visual check of the reflectance obtained at 1306 nm showed no correlation between the reflectance at this wavelength and the turbidity of the water.
Algorithm calibration
Based on the in situ TSM concentration and ASD water reflectance measurements, a SWIR algorithm is developed empirically. To evaluate its performance the empirical SWIR algorithm is compared to a single band semi-analytical reflectance-based algorithm (Nechad et al., 2010) with its parameters extrapolated for the 1020 nm and 1071 nm SWIR wavelengths. The NIR based semi-analytical algorithm (Nechad et al., 2010) was originally developed based on a simplified reflectance model, based on a first order version of the model of Gordon et al. (1988) and calibrated using in situ data from the southern North Sea. The algorithm relates the reflectance in a single band to the TSM concentration according to:
with Parameter A ρ ¼ A=γ f'/Q is the bidirectionality factor, b bp * is the mass-specific particulate backscattering coefficient, a p * is the mass-specific particulate absorption coefficient and a np is the non-particulate absorption coefficient. Both parameters A ρ and C ρ have only been provided for wavelengths up to 885 nm (Nechad et al., 2010 ) and need to be recalibrated for the SWIR. For parameter C ρ , γ is first calculated by using R = 0.529 from Morel and Gentilli (1996) . For the bidirectionality factor f'/Q no parameterizations exist for these waters and these wavelengths. Therefore f'/Q is set to a constant value of 0.13 similar to Nechad et al. (2010) and derived by Loisel and Morel (2001) for sediment-dominated waters. This results in a γ of 0.216. Then C is recalculated using the original datasets described in Nechad et al. (2010) and extrapolated to the SWIR. This gives a C ρ very close to γ (0.2152 for 1020 nm and 0.2156 for 1071 nm). Finally A ρ is obtained by scaling of the pure water absorption coefficients (a w , see Fig. 1 ) as in Dogliotti et al. (2011) following: as proposed by Dogliotti et al. (2011) . Here A ρ is recalibrated for the SWIR at 1020 nm and 1071 nm. The resulting algorithm is called hereafter the "SWIR based semi-analytical algorithm". To evaluate the performance of the algorithms, the Mean Absolute Percentage Error (MAPE) is calculated as follows:
where x i is the field TSM concentration for sample i and y i is the algorithm derived TSM concentration for sample i. 
Results and discussion
Bio-optical properties of the estuarine waters
The bio-optical properties of the three estuarine waters, including constituent concentrations, turbidity, salinity and temperature are shown in Table 5 . Turbidity was not measured at all stations and does not cover the entire range of measurements. TSM concentrations . The highest concentrations were recorded at the Gironde when measuring on the pontoon of Paulliac, and the lowest at Río de la Plata. The TSM concentration generally followed the tidal cycle and could vary by one order of magnitude in a day. Based on the triplicates, the precision (Δt = dTSM/TSM) was excellent for the Scheldt and the Gironde (Δt b 5% on average) and for La Plata (Δt~10% on average). Chla was analyzed for the Scheldt 2012 and Gironde 2012 campaigns showing a large difference between the two sites: high Chla content for the Scheldt (max = 71 μg L ). Salinity ranged from 0.1 to 20.8 psu. The high salinity values were measured in the Gironde when sampling at the mouth of the estuary onboard the vessel. On the pontoons of the Scheldt and Gironde salinity followed the tidal cycle: salinity typically decreasing with freshwater supply during the ebb and increasing during flood. Continuous low salinity values were measured in La Plata. The water temperature ranged between 18.4°C at the Gironde and 26.9°C at La Plata.
3.2. Analysis of the ASD water reflectance 3.2.1. ASD water reflectance quality control Fig. 3 shows the inter-comparison between R w from the ASD and R w from the Trios system at 6 different wavelengths. The data are highly correlated and close to the 1:1 line. Small deviations can be attributed partially to small scale local variability in water constituents between the two measurement locations, a few metres apart, and/or between the two measurement times, typically synchronized to within five minutes. The shorter wavelengths (Fig. 3a) have a slightly better agreement than the longer wavelengths (Fig. 3b ) (R 2 = 0.97 versus R 2 = 0.92). From this we conclude that the measurements methodology and analysis of the ASD data is sound and can be used for further analysis.
Typical water reflectance spectra
Some typical water reflectance spectra, randomly chosen, with corresponding TSM concentration values for the sites are displayed in Fig. 4 . Overall, these spectral signatures correspond very well to spectral signatures from extremely turbid waters reported in the literature (e.g. Doxaran, Cherukuru, & Lavender, 2006; Doxaran et al., 2002 for the Gironde, Loire and Tamar estuaries; Islam et al., 2001 for the Ganges and Brahmaputra and Chen et al., 2014 for several inland and coastal waters in China).
The spectra for the Scheldt (Fig. 4a ) have overall high reflectance values. Between 350 and 580 nm the reflectance is only weakly sensitive to variation in TSM. Between 580 and 720 nm maximum reflectance values are found up to 0.1 and the spectra reveal clear changes in shape and magnitude. In the NIR between 720 and 1000 nm there is more variability in the magnitude of the spectra and an increase in spectral reflectance can be observed with increasing TSM concentration. A significant signal can be observed in SWIR-I with maxima around 0.02 (at 1071 nm) for TSM concentrations between 227 and 403 mg L − 1 .
In SWIR-II the maximum reflectance is 0.001 at 1268 nm. The shape of the water reflectance spectrum in the SWIR is clearly influenced by pure water absorption. The spectra for La Plata are shown in Fig. 4b . All the spectra have a very similar shape and have only small differences in magnitude. They show a clear relationship with the TSM concentration beyond 580 nm. Maximum reflectance values are found around 700 nm with values up to 0.1. There is a very weak signal in SWIR-I (maximum 0.007 at 1071 nm for a TSM concentration of 74 mg L − 1 ), while no significant signal in SWIR-II independently of the TSM concentration. The Gironde spectra (Fig. 4c) have extremely high values, up to 0.2 around 700 nm. A saturation effect is observed at the shorter wavelengths (between 350 and 580 nm), followed by a spectral region with high reflectance (between 580 and 720 nm), but no clear relationship with TSM is observed. In the NIR very large differences in reflectance values are observed which are clearly related to the TSM concentration. There is a high reflectance signal in SWIR-I (up to 0.07) and also a weak signal in SWIR-II. For SWIR-II, the highest reflectance signal measured is 0.0028 at 1276 nm. At 1240 nm (MODIS and VIIRS band) a maximum reflectance of 0.0026 is measured. Two measurements have R w1240 above 0.002 and 6 measurements have R w1268 above 0.002. These correspond to TSM concentrations between 874 and 1400 mg L −1
. Also here, pure water absorption clearly influences the shape of the water reflectance spectrum in the SWIR. ). The relationships can be written as follows:
TSM ¼ R w1020 =2:94 10 −5 −18:3 ð5Þ
With a MAPE of 26% for Eq. (5) and a MAPE of 25% for Eq. (6). The Y offset could be related to errors in the processing of the ASD data (e.g. errors in sky glint correction).
For comparison, a scatter plot of the reflectance at 865 nm (OLCI band 17, MERIS band 14) and the TSM concentration is shown in Fig. 6 . Here, the trend in the data is approximately logarithmic with less sensitivity of the reflectance above a TSM concentration of 500 mg L − 1 or a reflectance threshold of 0.09. This is in agreement with Doxaran et al. (2002) where water reflectance at SPOT band XS3 (790-890 nm) from the Gironde is linearly proportional to TSM concentration up to 500 mg L −1 and then tends to saturate. Apart from this saturation effect, it is also observed that the performance of this single NIR band at 865 nm is lower (r 2 = 88%) than the performance from the SWIR bands (r 2 = 92%).
3.2.3.2. Regionality of the algorithm. Fig. 7 shows again the 1020 and 1071 nm bands versus the TSM concentration. Here, all individual datasets are plotted in a different colour. Regardless of the differences in mineralogy and texture between the sites, the different sampling dates and sampling locations for each site, all datasets from the Scheldt and Gironde follow the general trend very well. The data from Río de la Plata on the other hand exhibit lower and narrower range of TSM concentrations showing no clear trend. The fact that a single relationship is observed for the different Gironde and Scheldt datasets means that one single algorithm is valid for both sites, for the different locations within the study sites, and the different dates of sampling.
3.2.3.3. SWIR-II analysis. The SWIR-II spectral region is further analyzed using the data points with TSM concentration above 200 mg L −1 .
Below this threshold the data are highly scattered because of the very low signal due to the high pure water absorption. For this reduced dataset (n = 41) the correlation increases up to 70% at 1240 nm (MODIS, VIIRS bands) for a linear model. This band is available in MODIS and VIIRS and is used in the SWIR based atmospheric correction algorithm (Wang & Shi, 2007) . The scatter plot of the reflectance at this wavelength and the corresponding TSM concentrations are shown in Fig. 8 . Although the scatter is larger than for SWIR-I, the linear trend is clearly visible with only a small Y offset. Although these results show a clear trend between the reflectance and TSM, the measured reflectance in the SWIR-II is very weak (most of the data points below reflectance threshold of 0.002).
3.2.3.4. TSM limits for the black pixel assumption. Based on the linear relationships of each spectral band in the SWIR and the corresponding TSM concentrations, limits for applying a black pixel assumption can be derived. Because the offsets observed for the linear relationships are attributed to errors in the measurements (due to e.g. incorrect sky glint correction), the trend line is forced through zero to calculate the TSM limits. These limits are shown in Fig. 9 for each wavelength within the SWIR-I and SWIR-II region and for a certain noise-equivalent water reflectance threshold. The TSM concentration limits have to be interpreted as a baseline below which we can safely apply a black pixel assumption. The TSM limits follows the shape of the pure water absorption with a minimum TSM limit around 1071 nm. The exact TSM concentration limits for the two thresholds and spectral bands at 1020, 1071 and 1240 nm are provided in Table 6 . Clearly, this TSM limit depends linearly on the reflectance threshold set. For a noiseequivalent reflectance threshold of 0.001, the TSM limits are 16.4, 8.1 and 282.6 mg L −1 for the 1020 nm, 1071 nm and 1240 nm band respectively. Since these TSM limits are linearly related to the noise threshold, these values and Fig. 9 can be transposed to any other sensor noise level by simple linear scaling.
TSM algorithm inter-comparison
The performance of the empirical single band SWIR TSM algorithm (based on the 1020 nm and 1071 nm bands, Eqs. (5) and (6)) is compared to the performance of a single band semi-analytical algorithm (Nechad et al., 2010) recalibrated for the SWIR following:
The calibration parameters A ρ and C ρ are presented in Table 7 for 1020 nm and 1071 nm and the relationships are shown in Fig. 10 . For each algorithm the MAPE is calculated for the entire dataset and separately for low (TSM b 300 mg L Table 8 . Fig. 11 shows the scatter plots of the field TSM concentration versus the modelled TSM concentration for all algorithms. An extra scatter plot is shown zooming in on the low TSM concentrations (Fig. 11b, d , f and h). Table 8 shows that the single band empirical SWIR TSM algorithms perform well for the entire dataset with a MAPE of 25%. The semianalytical SWIR algorithms have a lower overall MAPE of 31 and 29% for the 1020 and 1071 nm band respectively. Particularly at low TSM concentrations (TSM b 300 mg L −1 ) they perform worse (MAPE = 33-36% versus MAPE = 27% for the empirical single band algorithms). The semi-analytical algorithms mostly underestimate the TSM concentration. A slightly different linear coefficient (A ρ , now based on scaling of aw) would be needed to better fit the dataset. Fig. 12 shows some typical APEX water reflectance spectra from the mouth to more upstream regions of the Gironde estuary. The spectral region between 940 to 1020 nm should be treated with care due to artefacts near the strong water vapour bands, combined with some specific sensor related issues such as double peak spectral response curves for the last NIR bands, and a decrease of quantum efficiency at the end of the detectors. Hence, these spectral bands were deleted in further analysis.
Application of the SWIR algorithm to APEX images
The overall shape and magnitude of the spectra are very similar to the ASD water reflectance spectra (Fig. 4c) . Going more upstream, the reflectance increases and a high signal in SWIR-I can be observed. In SWIR-II the reflectance values are too noisy.
A TSM map was generated based on the SWIR TSM algorithm (for 1071 nm band, Eq. (5)) and is shown in Fig. 13 . The flight line was . However in the most southern part of the pontoon we can observe a small plume with increased concentration around 600 mg L −1 , corresponding to the field observations. In Fig. 14 (right) the TSM concentration of sample GIR38 is compared with the TSM concentrations from the samples before and after the image acquisition. It shows that in a time frame of only 2 h and 30 min the TSM concentration has tripled. Both these figures show the dynamic nature of the estuary in space and time and the difficulty to collect validation match-ups in these environments.
Conclusion and recommendations
In this study we provide an empirical single band SWIR TSM algorithm for the 1020 nm (OLCI band) and 1071 nm (maximum reflectance in the SWIR-I) bands. Such a SWIR based algorithm will be useful for extremely turbid waters where NIR bands saturate. It was shown that the relationship between the water reflectance at these SWIR bands and the TSM concentration is linear. No saturation or decrease of sensitivity was observed (for maximum concentration of 1400 mg L − 1 ). In the NIR this saturation was clearly present as was shown for the 865 nm band (OLCI and MERIS band), starting at a reflectance threshold of 0.09. Above this threshold it is advised to switch to longer wavelengths to ensure good quality TSM estimates. The relationship between water reflectance and TSM was used to provide TSM limits for application of a black pixel atmospheric correction algorithm in the SWIR-I and SWIR-II region, i.e. maximum TSM concentration below which the black pixel assumption can be safely applied. For a reflectance threshold of 0.001, this TSM limit is 16.4 mg L −1 for a spectral band at 1020 nm, the limit is 8.1 mg L −1 for a spectral band at 1071 nm and 282.6 mg L − 1 for a spectral band at 1240 nm. These values should be considered when applying an atmospheric correction which assumes a black pixel in these spectral bands. Exceedance of these limits may results in overestimation of the aerosol reflectance and may further lead to incorrect estimates of the coloured water constituents concentrations. Similar TSM limits may be set for other SWIR sensor noise levels by simple linear scaling of the values given at the reflectance thresholds in this paper. The empirical SWIR algorithm was compared with an existing semianalytical algorithm (Nechad et al., 2010) . The parameters of the semi- analytical algorithm were extrapolated to the SWIR but were not recalibrated for the present dataset. The empirical single band algorithm calibrated for the site of interest outperformed the semi-analytical algorithm. This also shows that the semi-analytical algorithm might need recalibration of the A ρ parameter to better fit the dataset.
These results have shown a considerable added value of having SWIR bands on future ocean colour sensors to enhance performance for extremely turbid waters such as the world's major river plumes (Yangtze, Amazon, MacKenzie, etc.) and the many extremely turbid estuaries and inland waters. If cost precludes inclusion of a full SWIR range detector (1-3 μm) on future sensors, the inclusion of at least a single SWIR band, e.g. 1020 nm as on OLCI, already gives significant extra information compared to the VIS/NIR bands. Further research should focus on performance assessment of SWIR-I bands on existing/planned sensors, in particular clarification of the necessary SNR requirements for exploitation of silicon-based detectors with a single SWIR-I band, e.g. the OLCI 1020 nm band.
Finally, to fully exploit the 1020 nm band of the OLCI sensor for TSM retrieval in these extremely turbid waters, we should be able to provide an operational atmospheric correction to routinely retrieve from satellite data the water reflectance at 1020 nm.
